ABSTRACT Background: The protein leverage hypothesis requires specific evidence that protein intake is regulated more strongly than energy intake. Objective: The objective was to determine ad libitum energy intake, body weight changes, appetite profile, and nitrogen balance in response to 3 diets with different protein-to-carbohydrate + fat ratios over 12 consecutive days, with beef as a source of protein.
INTRODUCTION
The prevalence of obesity and its associated health problems, such as type 2 diabetes and cardiovascular diseases, has increased to epidemic proportions in a growing number of countries (1, 2) . Chronic positive energy imbalance is the underlying mechanism. Dietary protein intake has frequently been associated with food intake regulation because of its effects on energy balance (2) . According to the protein leverage hypothesis developed by Simpson and Raubenheimer (3) , energy intake may be adjusted to maintain protein intake relatively constant. Studies in insects (4), chickens (5), rats (6) (7) (8) , mice (9) , and free-living monkeys (10) suggest that protein intake is regulated more strongly than the intake of carbohydrate and fat. However, it is still unknown whether regulatory mechanisms prioritize the intake of protein over that of carbohydrate, fat, and total energy in humans (11, 12) .
A dietary intervention study by Weigle et al (13) showed a sustained decrease in ad libitum energy intake and related weight loss from a high-protein diet [30% of energy (En%) 4 from protein] compared with a more customary protein diet (15En% from protein) (13) . Furthermore, Griffioen-Roose et al (14) observed in a 4-d study that subjects increased their protein intake during ad libitum intake after 14 d of consuming a low-protein diet [0.5 g protein $ kg body weight (BW) 21 $ d 21 ; w5En%]. They did not replicate the findings of lower intake with a higher protein diet (2.0 g protein $ kg BW 21 $ d 21 ; w21En%). Results from another short-term metabolic trial showed that subjects consumed, on average, 12% more energy from a 10En%-protein diet compared with a diet containing 15En% from protein (15) . Possible mechanisms for the inverse relation between dietary protein intake and energy intake may be increased and decreased satiation on high-and low-protein diets, respectively, as well as maintenance of nitrogen balance on low-protein diets (16, 17) .
We carried out a controlled dietary intervention study in which we determined ad libitum energy intake, BW changes, appetite profile, and nitrogen balance in response to diets with proteinto-carbohydrate + fat ratios that were lower than, similar to, and higher than customary diets over 12 consecutive days in a crossover design trial. A recent comparable study evaluated diets containing protein mainly from dairy or plant sources (21) . That trial showed that energy intake was lower with a 30En%-protein diet compared with 5En%-protein and 15En%-protein diets (18) . Appetite ratings were similar between the 30En%-protein and the 15En%-protein diets, indicating that the subjects were similarly satiated by these diets, despite consuming less from the high-protein diet (18) . The determination of nitrogen balance is relevant, because a 5En%-protein diet contains protein well below normal amounts for human populations. Meat protein may have a higher potential than protein from dairy or plant sources to induce a negative energy balance because of its higher potential to increase energy expenditure (19) and a possible larger satiating capacity (19) , and so may more strongly modify energy relative to protein intake. Therefore, this study was performed with the use of beef protein as the primary protein source.
SUBJECTS AND METHODS
The Medical Ethical Committees of Maastricht University and Purdue University approved the study, and all participants provided written informed consent. The study was registered at clinicaltrials.gov as NCT01646749.
Study subjects
Based on the study by Martens et al (18) , power analysis showed that with an a of 0.0167 (significance level for each test: a = 0.05, taking into account the Bonferroni correction for multiple testing) and a b of 0.10, at least 56 subjects are needed to show a difference in energy intake between the 30En%-protein and the 15En%-protein diets. Seventy-nine subjects were recruited by advertisements in local newspapers and on notice boards at Maastricht University and at Purdue University; 19 of them dropped out because of lack of time. Two subjects were excluded from the data analysis because of noncompliance, as shown by the urinary nitrogen biomarker. Overall, 58 subjects (30 men and 28 women) were included in the final data analysis. To cover a wide range of BMIs, subjects were normal weight, overweight, or obese [BMI range (in kg/m 2 ): 18.7-38.7]. Ages ranged from 19 to 70 y. BMI and age were equally divided between the male and female groups. Subjects underwent screening that included anthropometric measurements and the completion of questionnaires eliciting information about health, smoking behavior, use of medications, alcohol consumption, physical activity, eating behavior, and liking of the study meals. Subjects were nonsmoking, not using more than moderate amounts of alcohol (.10 drinks/wk), were weight stable (BW change ,3 kg during the past 6 mo and no planned weight change during the study period), were not using medication or supplements except for oral contraceptives in women, and rated the taste of the meals as sufficient [visual analog scale (VAS) score for liking: $50 mm] (18).
Study design
This 2-center study used a crossover design with subjects blinded for the 3 randomly sequenced experimental conditions that differed in relative protein content. Subjects visited the university to consume breakfast, lunch, and dinner ad libitum in the research center for 12 consecutive days in each condition. Previous work indicated that a 12-d time period is sufficient to document a possible effect of the dietary manipulation on BW (20) . Subsequent test sessions started 8 wk after the start of the preceding test session and included a washout period of w6 wk to minimize carryover and take menstrual cycle phase effects on energy intake in women into account (21, 22) . Beef protein was used as the main protein source.
Diet composition
The 3 experimental conditions differed in relative protein content of the meals and snacks, including 5En%, 15En%, and 30En% from protein ( Tables 1 and 2 ). All diets were based on a protein content of 5En% from wheat protein, with beef protein providing an additional 10En% and 25En% to reach the intended protein content of the 15En%-and 30En%-protein conditions. Protein was exchanged for carbohydrate to prevent possible effects of palatability and energy density on energy intake (23) (24) (25) . The resulting protein-to-carbohydrate + fat ratios (En%) of the diets were 5:95 (low-protein), 15:85 (mediumprotein), and 30:70 (high-protein; Tables 1 and 2 ).
The energy content of the meals was calculated from the nutrition information on the food items and from standard foodcomposition tables (26, 27) and software [Nutrition Data System for Research (in the United States)]. Breakfast was composed of breakfast cereals (Kellogg's Nederland) moistened with orange juice at Maastricht University and of breakfast cereals with diluted milk, breads, and potatoes at Purdue University. At Maastricht University, lunch consisted of bread with vegetable salad, and dinner was composed of pasta with oil, vegetables, and tomato sauce. At Purdue University, lunch consisted of pasta with oil and vegetables, mainly tomatoes. Dinner meals included dairy, vegetable, and pasta combinations with the addition of fruit, salad, and salad dressing. Three different variants for the breakfast cereals, the pasta combinations (pastas, oils, fruit, and vegetables), and the salads served with lunch and dinner were offered in each condition to decrease the possible effects of boredom on energy intake and appetite profile. Palatability was measured by having subjects rate the foods and ensuring they were acceptable before their enrollment. Food was served as ready-to-eat meals to prevent the selective consumption of food items within meals. Meals were provided ad libitum for 30 min, and subjects were instructed to eat until they felt comfortably full. A fixed amount of 300 mL water per subject was offered with each meal (20) .
After each meal, snack items were provided in individual boxes for ad libitum consumption at home. The total energy content of the provided snacks was w2 MJ/d in each condition. The total protein content of the snacks differed per condition, in that all snack items were low in protein in the 5En%-protein condition and contained, on average, 15En% or 30En% from protein in the medium-and high-protein conditions, respectively. Beef was the main protein source of the protein-containing snacks. Two different combinations of several sweet and savory snack items were offered in each condition. Subjects were instructed to bring all leftovers with them during their visit to the research center for the subsequent meal. Subjects were allowed to drink water, tea, and coffee without added milk or sugar, ad libitum between the meals, but no other foods or beverages were allowed to be consumed (20) .
Energy and macronutrient intake
Each meal was weighed to the nearest gram before it was provided to the subjects. Leftovers were reweighed, after which energy and macronutrient intakes were calculated for each subject. The provided snack items were also recorded, and the portions returned uneaten were weighed to determine the energy and macronutrient intake from the snacks per subject. Mean total energy intake was calculated as the sum of energy intake from meals and the energy intake from snacks. Individual daily energy requirements were calculated as the resting metabolic rate calculated with the formula of Harris and Benedict (28) 3 the physical activity level based on the Baecke Activity Questionnaire or on the 2 validated questions on physical activity at work and during leisure time (29, 30) .
Appetite profile
Appetite profile was measured by means of the VASs. These 100-mm scales were anchored with "not at all" at one end and "extremely" at the other end and combined with questions on feelings of hunger, satiety, fullness, thirst, and desire to eat. Subjects were required to complete the VASs before and after breakfast, lunch, and dinner.
BW and energy balance
BW was measured in the fasted state in the morning of days 1, 6, and 12. Energy balance was determined as the difference between energy requirement and energy intake.
Biomarker of protein intake and nitrogen balance
Nitrogen excretion, measured from 24-h urine collections at baseline (day 0) and at days 5 and 11, was used as an estimate of protein intake. Urine was collected in 2-L urine bottles containing 10 mL of diluted hydrochloric acid (4 mmol/L) to prevent nitrogen loss through evaporation. Collection started after the first voiding in the morning on the collection days at 0800 and lasted through the first voiding on the next day at 0800. The total volume of the 24-h urine was recorded. Urine was gently mixed, and samples were taken and frozen at 2208C until analysis. Nitrogen concentrations were measured with an elemental analyzer [CHN-O-Rapid; Heraeus (in the Netherlands); and Integra COBAS 400 plus; Roche Diagnostics GmbH (in the United States)]. Total nitrogen output was calculated as 24-h urinary nitrogen plus 10% to account for normal losses via feces and other losses. Nitrogen balance was calculated as the difference between nitrogen excretion and nitrogen intake.
Statistical analysis
SPSS version 20 for Macintosh OS X (SPSS, Inc) was used to perform statistical analyses. Data are presented as means 6 SDs.
The AUC over the day was calculated for appetite ratings for hunger, fullness, satiety, and desire to eat by using the trapezoidal method. Amplitude scores were calculated for all appetite measures to assess fluctuations over the day. The scores were calculated with the use of VASs, by subtracting the minimum score from the maximum score. Differences in subject characteristics, nitrogen excretion, appetite ratings, energy intake, macronutrient intake, and BW change between centers were assessed by using factorial ANOVA. Factorial ANOVAs with repeated measures were used to test whether nitrogen excretion and nitrogen balance changed over time within conditions (5En%-protein, 15En%-protein, 30En%-protein) and to test whether energy and macronutrient intake, appetite ratings, BW change, and nitrogen excretion differed between the diets with various protein-to-carbohydrate + fat ratios. Bonferroni correction for multiple comparisons and post hoc analyses was applied with all ANOVA tests. Pearson's correlation coefficients were used to express the relations between nitrogen excretion and protein intake and between nitrogen balance and energy intake and protein intake within conditions. Differences were regarded as significant if P , 0.05.
RESULTS

Subject characteristics
Subject characteristics are summarized in Table 3 . Apart from age, which was significantly higher in subjects from Maastricht University than in those from Purdue University, mean subject characteristics did not differ between the centers.
Energy and macronutrient intake
Total energy intake was significantly lower in the 30En%-protein condition (8.73 6 1.93 MJ/d) than in the 5En%-protein (9.48 6 1.67 MJ/d) and 15En%-protein (9.30 6 1.62 MJ/d) conditions (P = 0.001) ( Table 4) , stemming largely from lower energy intake during meals (P = 0.001) but not snacks. The lower mean energy intake from meals in the 30En%-protein condition, compared with the 15En%-protein condition, was a result of a lower mean energy intake during lunch (P = 0.001) in both centers. In the total sample, mean energy intake during breakfast and dinner was comparable between the conditions, whereas energy intake during breakfast was significantly lower in the 30En%-protein condition compared with the 15En%-protein condition at Maastricht University (P = 0.001) and significantly higher in the 5En%-protein condition compared with the 15En%-protein condition at Purdue University (P = 0.023). Moreover, a significantly lower mean energy intake from dinner was observed in the 5En%-protein condition compared with the 15En%-protein condition (P = 0.018) at the Maastricht center. The palatability of the meals was comparable between the conditions. Energy intake from snacks was comparable between the conditions in the total sample of subjects and in those from Purdue University, whereas the intake was significantly higher in the 5En%-protein condition at the Maastricht center (Table 4) . Comparison of the centers showed that total energy intake was significantly higher in all conditions at Purdue University than at Maastricht University, despite similar energy requirements.
Mean protein intake over 12 d varied directly according to the amount of protein in the diet (P = 0.001; Table 5 ). Mean protein intake was below the "protein requirement" in the 5En%-protein condition and above protein requirements in the 15En%-and 30En%-protein conditions (Table 5 ). Mean carbohydrate intake was significantly different between the conditions (P = 0.001; Table 5 ), with the highest intake in the 5En%-protein condition and the lowest intake in the 30En%-protein condition. Fat intake was significantly lower in the 30En%-protein condition compared with the 5En%-protein (P = 0.001) and 15En%-protein (P = 0.001) conditions (Table 5 ). Daily energy and protein intakes did not significantly change over the 12-d test periods in each condition. An increase in protein-to-carbohydrate + fat ratio of the diet resulted in significant underconsumption relative to energy requirements (P = 0.001), whereas a decrease in the protein-to-carbohydrate + fat ratio did not significantly affect energy intake (Table 4, Figure 1 ). Men consumed more energy than did women, but sex did not have an effect on differences in energy and macronutrient intake between conditions.
Appetite profile
The consumption of the meals elicited significant decreases in mean ratings of hunger and desire to eat and significant increases in mean ratings of fullness in all conditions over the 12-d test periods (P = 0.001). Mean AUC over the 12-d test periods was significantly higher for appetite ratings of hunger (P = 0.001) and desire to eat (P = 0.001) and significantly lower for fullness (P = 0.001) in the 5En%-protein compared with the 15En%-protein condition (see Supplemental Table 1 under "Supplemental data" in the online issue). Despite significant differences in energy intake, appetite ratings of hunger and of fullness were comparable between the conditions and that of desire to eat was significantly lower in the 30En%-protein condition than in the 15En%-protein condition, expressed as mean AUC over the 12-d test periods (see Supplemental Table 1 under "Supplemental data" in the online issue). Amplitude scores did not significantly differ between the conditions.
BW and energy balance
During the test periods, mean BW decreased from day 1 to day 12 in all conditions (P = 0.001), except for the 15En%-protein condition at Purdue University (Table 4 ). The decrease in BW did not differ between conditions. Subjects consistently regained their original BW before the subsequent test session started. Mean energy deficit was significantly greater in the 30En%-protein condition compared with the 15En%-protein condition (Table 4) .
Biomarker of protein intake and nitrogen balance
Baseline nitrogen excretion did not differ significantly between the 5En%-protein (9.0 6 3.4 g/24 h), 15En%-protein (10.0 6 5.2 g/24 h), and 30En%-protein (9.9 6 3.9 g/24 h) conditions and indicated that subjects had normal protein intakes at the start of each test period (see Supplemental Table 2 under "Supplemental data" in the online issue). At days 5 and 11, nitrogen excretion was significantly lower in the 5En%-protein condition (5.5 6 2.4 and 4.7 6 1.5 g/24 h, respectively; P = 0.001) and was higher in the 30En%-protein condition (14.8 6 7.4 and 15.3 6 8.7 g/24 h, respectively; P = 0.001) compared with baseline (see Supplemental Table 2 under "Supplemental data" in the online issue). In the 15En%-protein condition, nitrogen excretion did not change significantly from baseline throughout the test period. Nitrogen excretion differed significantly between the conditions, thereby confirming significant differences in protein intake between conditions (P = 0.001). In each condition, no significant difference between the urine collection at days 5 and 11 were observed, which indicates stable protein intakes within the conditions over the 12-d test periods. Urinary nitrogen excretion was significantly correlated with the measured protein intake in the 15En%-and 30En%-protein conditions (r = 0.277 and 0.348, respectively; P , 0.05), whereas this correlation was not significant for the 5En%-protein condition. Nitrogen balance did not significantly differ from zero in the 5En%-protein condition and was positive in the 15En%-and 30En%-protein conditions (P = 0.001). Nitrogen balance correlated significantly with daily energy intake (5En%-protein, r = 0.522; 15En%-protein, r = 0.372; 30En%-protein, r = 0.364; P , 0.05) and protein intake (5En%-protein, r = 0.673; 15En %-protein, r = 0.593; 30En%-protein, r = 0.534; P = 0.001) in all conditions (Figure 2 ).
DISCUSSION
The protein leverage hypothesis requires specific evidence that protein intake is regulated more strongly than energy intake. This study did not show complete protein leverage because subjects 1 Values within a row with different superscript letters are significantly different, P , 0.05 (between centers, factorial ANOVA). Values with different superscript symbols indicate significant differences between diets that differed in relative protein content, P , 0.05 (at the Maastricht center, at the Purdue center, or at both centers combined, repeated-measures ANOVA with Bonferroni correction for pairwise post-hoc comparisons). BW, body weight; En%, percentage of energy.
2 Mean 6 SD (all such values). 3 Mean ratio (all such values).
did not consume to a common protein amount at the expense of energy balance. Individuals did underconsume relative to energy requirements, predominantly from meals comprising diets that contained a higher protein-to-carbohydrate + fat ratio. No evidence for protein leverage effects from diets containing a lower ratio of protein-to-carbohydrate + fat was obtained. The successful implementation of the dietary protein intervention on each arm of the trial was confirmed by urinary nitrogen concentrations. Nitrogen excretion was lower in the 5En%-protein condition and was higher in the 30En%-protein condition compared with the 15En%-protein condition. Nitrogen balance was maintained in the 5En%-protein condition and was positive in the 15En%-and 30En%-protein conditions. The meals at Maastricht University were consistently of lower energy content than the Purdue meals, and this likely stemmed from the lower-energy-dense meals at Maastricht. The difference FIGURE 1. Relation between mean protein intake and mean carbohydrate + fat intake in response to diets differing in protein-to-carbohydrate + fat ratio for 12 d (n = 58). Between-subject effects are expressed as individual means for the 5En%-protein condition (white squares), the 15En%-protein condition (white diamonds), and the 30En%-protein condition (white triangles); within-subject effects are expressed as group means (black circles). The dashed line combines group means, and the dotted line represents intakes of protein and carbohydrate + fat that may occur if intakes are regulated to energy intake in the 15En%-protein condition. The differences between the dashed line and the dotted line show the degree to which carbohydrate + fat intake is balanced against protein intake. CHO, carbohydrate; En%, percentage of energy; F, fat; P, protein.
FIGURE 2.
Relation between mean protein intake and mean nitrogen balance at day 11 in response to diets differing in protein-to-carbohydrate + fat ratio (n = 58). Between-subject effects for the 5En%-protein condition (white squares), the 15En%-protein condition (black diamonds), and the 30En%-protein condition (white triangles) are shown. P , 0.05 (Pearson's correlation coefficient) for all conditions. BW, body weight; En%, percentage of energy; N, nitrogen; P, protein.
in energy density was attributable to the use of more liquid in the recipes at Maastricht University (eg, with the breakfast cereals and with the sauces served with dinner). However, energy density was consistent across diets within a study center. The consistency of findings on energy intake across centers suggests that energy density was not a critical determinant of responses.
BW loss did not differ between the protein diets, despite mean energy balance being more negative after the 30En%-protein diet compared with the 5-En%-and 15En%-protein diets. This may be a result of a possible fat-free mass-sparing effect from the high-protein diet (31) . Although the duration of the test periods was sufficient to measure differences in BW change, it was not long enough to reliably measure differences in body composition (24, 32) . The observed decrease in BW was likely the result of daily structure with fixed and regular meal times imposed by the study design.
Protein intake must still fall within a certain range to ensure that it addresses possible shortages or excesses (18, 33, 34) . Humans have a wide capacity to respond and adapt to differences in protein intake (35) . However, the limits of such adaptation to a protein challenge acutely and over the long term remain to be clarified. The basis for apparently stronger protein leveraging responses in various animal models (4-9) than in humans is unclear. Possibilities for species differences may reflect abilities to maintain protein intake for growth and reproduction with lowprotein diets and/or limitations on metabolism of excess protein from high-protein diets.
To provide supporting evidence for the protein leverage hypothesis in humans, it is necessary to show direct effects on energy intake from relatively low-protein and relatively highprotein diets. Only 2 preceding studies have applied such a design to test the protein leverage hypothesis experimentally (15, 18) . Similar to the results of the present study, these trials observed trends only in one direction, either a higher energy intake with a 10En%-protein diet (15) or a lower energy intake with a 30En%-protein diet (18) . None of the trials observed changes in energy intake in both conditions relative to a diet containing 15En% from protein. In a recent review, Gosby et al (36) argued that protein intake is prioritized over the intake of carbohydrate and fat and over total energy intake. They reported an inverse relation between energy intake and dietary protein content with a dietary protein range between 10 and 20En%, with less convincing findings noted at the more extreme protein intakes. However, the less consistent findings were drawn from shorter trials where it is likely that subjects were not in energy balance or from less well controlled trials in subjects in free-living situations. Thus, conclusions must be drawn with caution. The authors argued that diets containing ,10%En from protein may be so extreme as to preclude a compensatory dietary response. The primary approach to test the lower limits of protein intake has been to assess effects of a lack of indispensible amino acids. The detection of reduced concentrations of indispensable amino acids in the brain affects protein synthesis, subsequently leading to behavioral responses including underconsumption of diets that lack a minimal amount of indispensable amino acids (37) (38) (39) (40) . Nitrogen balance studies are commonly applied to evaluate the degree to which protein intake compensates for obligatory losses of nitrogen from several pathways including amino acid breakdown (41, 42 (45) . However, one of the findings of our study was that nitrogen balance was maintained over 12 d during ad libitum consumption of the 5En%-protein diet. Protein intake being below the assumed protein requirement was not a trigger to increase energy intake over the 12-d study period. Subjects would have needed to consume 0.92-2.3 kg food/d more with the 5En%-protein diet than they did with the 15En%-protein diet to fully offset the protein dilution. With higher energy densities this is feasible, yet with lower energy densities this becomes difficult (46) . However, it is not proposed that a diet containing 5%En from protein is sustainable; it was implemented only to test the protein leverage hypothesis. Other experimental studies have reported positive energy balance with diets containing as low as 3-5En% from protein (47, 48) . These data suggest that the lower concentration of protein provided in the present trial was not outside the range that is feasible to test protein leveraging. Although we are aware that no clear recommendation exists that defines the safe upper limit of protein intake, intakes of up to 1.66 g $ kg BW 21 $ d
21
were not associated with increased health risks (41, 45) . In our study, protein intake during the high-protein diet interventions was below this amount of intake and could hence be considered safe. The positive nitrogen balance as observed with the highprotein diet corresponds to earlier observations. Fuller and Garlick (49) measured the long-term effects of a change in protein intake and reported a persistent positive nitrogen balance over 40 d after a change from a normal to a high protein intake. A possible explanation might be a transient retention or loss of body nitrogen because of a labile pool of body nitrogen (50) . Conversely, there is concern that overeating is facilitated by a highcarbohydrate, high-fat diet (23-25, 46, 51) . More research is necessary to establish a cause-and-effect relation by taking all macronutrients into account. In the current study, the high carbohydrate content of the low-protein diet did not cause overeating. Subjects reported more hunger and desire to eat and less fullness with the 5En%-protein diet than with the 15En%-protein diet. The low fullness value of the 5En%-protein diet was a stimulus for increased energy intake between meals in the Maastricht sample but not at Purdue. It remains to be determined whether overeating with a relatively low-protein diet stems from its high-fat content.
Subjects consumed less food during the 30En%-protein diet relative to baseline. This occurred with appetite scores comparable to those elicited by a 15En%-protein diet. These findings support previous evidence that, under some conditions, highprotein diets have strong satiety effects and result in a lower energy intake (13, (16) (17) (18) (52) (53) (54) (55) (56) (57) . The strengths of the present study were its 2-center study design with the same protocols and the tight control over energy and macronutrient intake over a period of 12 d, in a large number of subjects, including both sexes.
In conclusion, complete protein leverage did not occur because subjects did not consume to a common protein amount at the expense of energy balance. Individuals did underconsume relative to energy requirements from high-protein diets. The lack of support for protein leverage effects on low-protein diets may stem from the fact that protein intake was sufficient to maintain nitrogen balance over 12 d; thus, there was still a low drive to adjust energy intake to meet some optimal protein intake.
